incision position is adopted as the telecentric point of the robot system. The existing studies on position planning of the SHLS robot mainly concentrate on the selection of incision position and optimization of robot position. Without changing the relative position between the arm's motion space and the incision, Locke et al completed position planning for robot arm by optimizing the positional relationship between the incision position and the robot system (Locke et al., 2007) . Sun and Yeung enhanced the flexibility of the da Vinci surgical system through a two-step position planning process (Sun and Yeung, 2007) . Hsu et al. optimized the motion performance index of the robot under the constraint of the interference of the robot system (Hsu et al., 1999) . Stocco et al. improved the incision position of minimally invasive surgery in light of the maneuverability index of the robot in the global workspace (Stocco et al., 2007) . The German Aerospace Centre (DLR) designed a minimally invasive surgical robot system and conducted position planning by genetic algorithms, aiming to optimize the flexibility and accuracy of the robot (Andreas et al., 2007) . Weede et al. presented a new knowledge-based planning system which optimizes the positions of ports for the instruments and the endoscopic camera in manual and robot assisted laparoscopic surgery (Weede et al., 2012) . Liu et al. proposed a new and concise port placement planning method based on the workspace minimally invasive robotic surgery required (Liu et al., 2012) . Feng et al. proposed a method for pose optimization and port placement for RMIS in cholecystectomy, which was divided into optimization of the positioning joint configuration and optimization of the end effector configuration (Feng et al., 2017) .
In view of the above, this paper designs a 5DOF SHLS robot with a series-parallel hybrid structure, and derives the inverse kinematics equation, Jacobian matrix and positioning workspace of the robot. Then, the dexterity of the SILS robot was analyzed by the conditional number of Jacobian matrix. After that, the joint rotation angle was computed by gradient project and optimal position planning. And, the position planning for the SHLS robot is validated through simulation, according to surgical requirements.
Structural description
In traditional laparoscopic surgery, due to the limitation of endoscope extending into the abdominal cavity, considering the safety of the operation process and avoiding the injury of the patient's body caused by endoscope movement, the endoscope should realize three degrees of freedom movement centered on the operation incision: two degrees of freedom of cone swinging centered on the operation incision and moving along the axis of the endoscope. By replacing the doctor with a surgical robot's end-effector to hold the surgical instrument, the quality and accuracy of the operation are improved, and the surgical operation is expanded. The endoscope posture adjusting mechanism should have high flexibility to locate the surgical incision and reduce the interference of other mechanisms; the endoscope needs to achieve 3 DOF movements, so as to fully obtain the target vision in the abdominal cavity.
According to the design requirements, a new rectangular coordinate structure is selected as the main configuration of the robot, whose degree of freedom is 5, including 3 degrees of freedom of movement and 2 degrees of freedom of rotation. Compared with a three orthogonal axis type robot and a scalar type robot, the new series-parallel robot mechanism has greater stiffness. The new robot mechanism is shown in Fig.1 .The robot structure is divided into a robot positioning mechanism (RPAM) with 3 degrees of freedom and an endoscope posture adjustment mechanism (EPAM) with 2 degrees of freedom. The robot positioning mechanism can realize the positioning of the endoscope to the incision of the patient's abdominal cavity, and the endoscope moves to the corresponding incision position through the horizontal and vertical movements. Using a screw transmission mechanism (nominal diameter: 12mm; pitch: 2mm), the RPAM moves in horizontal and vertical directions to ensure that the endoscope is placed at the incision of the patient's abdominal cavity. It is driven by Maxon RE-35 motors with a 35:1 reducer. The RPAM can be further divided into a horizontal motion mechanism and a vertical motion mechanism. The former is a horizontally-arranged double-track single-spiral slide with an effective stroke of 300mm, while the latter is a vertically-arranged double-track single-spiral slide with an effective stroke of 400mm. The vertical motion mechanism is integrally installed on the horizontal motion mechanism. The EPAM is driven by two mutually-perpendicular Maxon RE-25 motors with a 3,189:1 reducer. One motor rotates in the range of 0~120°, and the other motor in 0~60°. The endoscope is installed at the end of the EPAM. 
Workspace of SHLS Robot 3.1Inverse Kinematics and Jacobian Matrix
In this paper, the inverse kinematics and Jacobian matrix of the SHLS robot are derived by the geometric method. Figure 2 shows the coordinate system of the SHLS robot, with one end of the horizontal motion mechanism as the base
q and 5 q respectively be the sliding distance in the horizontal motion mechanism, the sliding distance driven by one motor in the vertical motion mechanism, the sliding distance driven by the other motor in the vertical motion mechanism, the rotation angle of the endoscope driven by one motor in the EPAM, and the rotation angle of the endoscope driven by the other motor in the EPAM.  is the angle between connecting rod and vertical direction, and the geometric parameters r , b , l and h of the SHLS robot are presented in AG is the projection of the endoscope AG in plane A A X AZ . Besides, the distance from point P at the incision position to point G of the endoscope end is denoted as 1 h .
Under given end effector coordinates ( , , ) 
As shown in Fig. 3 , there are two cases for the calculation of coordinates point ( , , ) 
 , the endoscope is in the vertical position, we have: 
Based on the coordinates of point A , the coordinates of point G and the two rotation angles  and  can be 
Then, the implicit kinematics equations of the SHLS robot can be established as: 
The kinematics 
c  .
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In the above kinematics model,     1  2  3  4  5 , , , ,
respectively reflects the small motion speed of the joint space and that of the workspace. The latter consists of the small linear displacement and the angular displacement of the joint space. Hence, the kinematics model can be rewritten as:
According to Eq. (7), the Jacobian matrix of the robot can be expressed as: 
Workspace
The workspace of an SHLS robot refers to the working area of the endoscope end, which is an important indicator of working ability. Considering that an SHLS robot has 5DOFs, it is impossible to fully display the total workspace formed by all DOFs. Thus, the complete workspace should undergo dimensional reduction.
In general, the workspace of the SHLS robot is affected by such factors as endoscope length, motion distance and rotation angle of motion pair. Structurally speaking, the RPAM includes a workspace formed by the horizontal motion mechanism and the vertical motion mechanism. The workspace formed by end point A can be derived from the said influencing factors (Fig. 4) . As mentioned before, the conical motion of the EPAM about the endoscope axis in the abdominal cavity is driven by two mutually-perpendicular motors. The workspace of the EPAM equals the range of the endoscope end in the abdominal cavity, that is, the workspace of the end point G . Based on the workspace formed by end point A of the RPAM, the workspace of the EPAM can be obtained by Eq. (4) (Fig. 5) .
In the RPAM, the workspace formed by point A is about 0.036m3 in volume; in the EPAM, the workspace formed by point G is about 0.014m 3 in volume. Hence, the total workspace of the SHLS robot exceeds the volume of artificial pneumoperitoneum (0.002m 3~0 .004m 3 ) filled with CO2 during laparoscopic surgery, indicating that the workspace formed by the joint motion of the RPAM and the EPAM can satisfy the needs of the laparoscopic surgery. In other words, the endoscope can reach the designated area in the abdominal cavity, and provide sufficient vision support for the doctors.
Dexterity analysis of SHLS Robot

4.1Conditional number of Jacobian matrix
The robot Jacobian matrix is a morbid matrix in singular shape with the solving accuracy of Jacobian matrix be reduced, which will lead to the input and output motion deviation of the mechanism, affect the control accuracy of the SILS robot, and ultimately affect the quality of the laparoscopic surgery. Singularity will seriously affect the force transmission performance of the robot mechanism. The influence of singularity on robot is usually analyzed by dexterity as an index (Tu et al, 2018) . The conditional number of Jacobian matrix (CNJM) is the ratio between the maximum singular value and the minimum singular value of Jacobian matrix, which is used to measure the dexterity of robots (Cao et al, 2011) . It can be seen that the range of CNJM is 1 cond    . When 1 cond  , the dexterity of the robot mechanism is the best, which can ensure the optimal motion and force transfer of the robot. In the singular shape, CNJM will tend to be infinity. CNJM is defined as shown in Eq. (9):
Where: cond is the conditional number of Jacobian matrix; max  is the maximum singular value of Jacobian matrix; min  is the minimum singular value of Jacobian matrix. Because Jacobian matrix of the SILS robot is a fifth-order matrix, the elements of the first three lines and the last two lines have different dimensions, and CNJM has unit, whose value of the condition number varies with the unit of each element in the matrix, which makes the maximum and minimum singular values of the condition number lose original physical meaning. From the Eq. (7), the Jacobian matrix equation of the robot can be obtained as follows:
Where:V is motion speed of robot end effector;  is instantaneous angular velocity of robot end effector.
The first three lines in Jacobian matrix of the SILS robot represent the linear velocity of the mechanism joints, and the second two lines represent the angular velocity of the mechanism joints. Considering the different dimensions of the linear velocity and angular velocity, the velocity input-output equation can be rewritten through Jacobian matrix. The rewriting form is as follows:
Where: is the minimum singular value of Jacobian matrix of angular velocity.
4.2Dexterity numerical simulation of joint variables
According to the definition of CNJM, the conditional number of linear velocity Jacobian matrix is the same as that of angular velocity Jacobian matrix. When 1 cond  , the motion transfer and force transfer of robot is optimal; when cond is infinity, the robot is in singular shape. Since the change of the horizontal moving joint variables 1 q in the robot positioning mechanism will not affect Jacobian matrix and will not cause Jacobian matrix singularity of the robot mechanism, it is necessary to analyze the Jacobian matrix dexterity of the remaining four joint variables. During the actual working situation of the robot, the linear and angular velocity dexterity of the joint variable q2 and q3 is analyzed with q4 and q5 unchanged in the process of position change according to the Eq.(13) and the Eq. (14), and the linear and angular velocity dexterity of the joint variable q4 and q5 is also analyzed with q2 and q3 unchanged in the process of end pose and position change according to the Eq.(13) and the Eq. (14).Where CNJM is solved by MATLAB software, and the dexterity index of linear velocity and angular velocity of joint variables is obtained as shown in Fig. 6-9 . From the analysis results, it can be seen that the linear and angular velocity dexterity of joint variables q2 and q3 increases with the increase of linear displacement, but the dexterity is the best in the middle of the workspace. The linear and angular velocity dexterity of joint variables q4 and q5 is poor only in the initial state of motion, but better in the most workspace. 
Position planning of SHLS robot 5.1 Preoperative position analysis
Laparoscopic surgery is performed with the aid of laparoscopy and related surgical instruments. Firstly, a surgical channel is established for the entry and removal of endoscope and other instruments according to the body shape of the patient and the actual needs of the surgery. The common way is to cut an incision on the abdominal wall of the patient. Secondly, the abdominal wall is separated from the visceral tissue by filling CO2 in the cavity, creating the pneumoperitoneum. This is to provide adequate operation space of the cavity and a good visual environment. Finally, a series of operations like dissection, resection and suture of the lesion tissue are carried out with different instruments.
Before the operation, the doctors need to perform position planning to rationalize the posture of the endoscope and thus facilitate the entry of instruments into the cavity through the incision. Then, the tissue removal and other operations can be realized using different instruments according to the image feedback of the intraoperative operation scene from the laparoscope.
During the SHLS, the instruments on the arm can only move with the incision on the abdominal wall as the pivot. In other words, the instruments either rotate in two directions about the incision point or move linearly along its axis. Thus, the workspace is an inverted cone with the incision point as the vertex. The swing angle and linear displacement of each instrument directly determine its end position in the abdominal cavity and workspace volume (Fig.10) .
Taking the incision point as the pivot of lever operation, the abdominal wall of the patient will not be severely damages in the surgery. Nevertheless, the lever operation restricts the movement of each instrument to 2DOFs at the incision point, which in turn limits the flexibility of the instrument in the cavity and the accessibility to the location of the lesion. Therefore, proper preoperative planning is needed to keep the instrument in the required workspace and have a best view for lesion removal. The preoperative planning of the SHLS robot contains two steps: optimizing surgical incision and position planning of intraoperative arm. The former step means the incision of the cavity wall should be optimized according to the lesion location, laying the basis for smooth entry of the arm. The latter step means the configuration of the RPAM arm should be optimized according to the position of the surgical target. When the telecentric point of the arm remains at the same position, it is possible to obtain the optimal joint angle of the RPAM. Thus, the second step is an inverse problem of the RPAM. Considering that the endoscope is the visual field provider in the abdominal surgery, and the incision position has little impact on the entire surgery, this paper puts its focus on the position planning of the SHLS robot.
According to the preoperative position of the SHLS robot (Fig. 11) , the endoscope only needs to adjust its posture to get the optimal visual field. To save time, the two mechanisms of the robot should also be adjusted. It is necessary to make reasonable planning for the angle of insertion and the endoscope position.
Position planning based on gradient projection
Given the position and pose of the robot end, the motion of each joint of the robot can be determined by inverse kinematics equation. Because it is impossible to know the optimal position and pose of the robot end, the direct use of kinematics equation for posture planning is limited. Under certain constraints, the position and pose planning of the robot end is a complex multi-objective optimization problem. It is difficult to optimize the problem using conventional algorithms. The most common robot position planning methods include neural network algorithm (Babu et al., 2016) and gradient projection (Pan et al., 2007) . By neural network algorithm, the inverse solution of the robot directly hinges on the path of motion. The model needs to be retrained whenever the path changes, leading to unnecessary loss of time. The gradient project can solve the joint speed of the robot, but may product displacement error through multiple iterations. To mitigate the error, the Lagrange multiplier has been introduced to improve the gradient projection method. Despite the precision joint positioning, the improved gradient projection method is too complex to derive the inverse solution of the RPAM in a timely manner. the last iteration. The solution of the joint minimum norm is also an approximate one (Menasri et al., 2015) . Therefore, it is necessary to improve the gradient projection method such that it can suit the end position planning of the SHLS robot. The gradient projection was improved in four steps: First, a group of optimal joint angles of the robot was obtained by the original approach; Second, one joint angle was selected as the initial value of the group, and substituted into the inverse solution equation of the RPAM; Third, two other joint angles were obtained by inverse solution equation; Fourth, the obtained angles and the selected angle were taken as the final position angle of the RPAM. This improved gradient projection method ensures the convergence of the iteration and eliminates the cumulative error of the original approach.
Considering the actual position of the endoscope in the abdominal cavity, the SHLS robot moves the endoscope to the abdominal incision through the RPAM, and the endoscope extends into the abdominal cavity for image acquisition.
The endoscope position in space can be defined by rotation angles  and  , and used to calculate the speed or angular speed of each joint, making it possible to determine the overall posture of the robot. The angular geometric relationship between the endoscope and the axes in the space-based coordinate system is shown in Fig. 12 . 
  1 sin cos
( , , ) 
Position planning simulation
The above position planning was applied to the simulation of robot-assisted laparoscopic surgery to verify its results. Based on clinical experience, it is assumed that the patient's abdominal cavity has a 2cm×2cm rigid mass. Considering the relevant data on the clinical case, the coordinates of the incision point were determined as (200, 200, 0) P in the space-based coordinate system, the coordinates of the lesion position as (0, 200, 50) T  , the length of the endoscope within the cavity as 0~100mm, and the length of the endoscope outside the cavity is 50mm. The limits of endoscope position in the cavity are known, because the vision range of the endoscope depends on the lesion size. According to these conditions, the optimal gradient projections were both adopted for position planning.
Based on Jacobian matrix, the gradient projection solves the joint angle according to the corresponding joint speed. The posture angle of the endoscope was solved through multiple iterations and then the position angle of the endoscope was obtained, when the length of endoscope inside the cavity did not induce intra-abdominal organ interference. Then, the angular range of the endoscope was adjusted rationally by the early lesion area, and the distance between the endoscope end and the lesion was compared through multiple iterations. To obtain the complete vision field quickly, the optimal gradient projection was adopted to solve the joint angle of the robot, and the objective function was optimized to derive the best angular range of the endoscope and the distance between the endoscope end and the lesion. Table 1 lists the angular range of the endoscope and the distance between the endoscope end and the lesion. According to the positioning range of angles of the endoscope, the simulation is carried out to observe the workspace of the internal endoscope part in the abdominal cavity by comparing with the lesion scope seen by the endoscope. The simulation results of each group are shown in Fig. 14. Note: Black is the lesion, green is the endoscope part inside the cavity, red is the endoscope part outside the cavity, and blue is the surgical incision.
According to the simulation results, the projection gradient method can not only ensure the optimization of the iteration process, but also eliminate the accumulated errors in the iteration process. By comparing the common workspace of the surgical instruments, the simulation results show that the endoscope position and pose planning based on gradient projection method can provide the complete view of the lesion to the doctors. What is worse, the definition of the endoscopic view was affected by the distance between the endoscope end and the lesion. However, the optimal gradient projection guaranteed the clear endoscopic view with a smaller range of position angle, thanks to the calculation of the position angles and optimization of the distance between the endoscope end and the lesion. Thus, the optimal method reduced the burden of doctors on adjusting the SHLS robot. In summary, the optimal gradient projection is a suitable preoperative position planning method for SHLS robot.
Conclusions
This paper aims to determine the dexterity and best preoperative position of a 5DOF SHLS robot, and thus clarify the endoscopic vision of the abdominal cavity. For this purpose, the inverse kinematics equation and Jacobian matrix of the SHLS robot were derived, together with the positioning workspace, the dexterity of the SILS robot was analyzed by the conditional number of Jacobian matrix, and then a position planning method was designed based on the gradient projection method, the optimal gradient projection method was adopted establish the position planning model. For the preoperative position, the minimum distance between the endoscope end and the lesion was taken as the objective function for the gradient projection algorithm, and the simulation software MATLAB was used to simulate the position planning model. The numerical simulation shows that the preoperative position planning method based on the optimal gradient projection can obtain the best position of the SHLS robot without sacrificing the dexterity and safety of the robot in abdominal surgery. Thus, the proposed position planning method was proved feasible and correct. In view of the lack of experimental verification, the future research will establish the control strategy of the SHLS robot and carry out clinical experiments on the proposed method.
